In this work, we report the cloning and characterization of the first cell surface casein kinase II (CKII) substrate (Tc-1) of Trypanosoma cruzi, the causative agent of Chagas' disease. Analysis of the gene sequence revealed a 1,653-bp open reading frame coding for 550 amino acid residues. Northern blot analysis showed a 4.5-kb transcript that is expressed in invasive trypomastigotes but not in noninvasive epimastigote forms of T. cruzi. Southern blot analysis indicates that Tc-1 is a single-copy gene. At the amino acid level, Tc-1 displayed 95% and 99% identity to two hypothetical proteins recently reported by the T. cruzi genome project. Analysis of the translated amino acid sequence indicates that the Tc-1 gene has a putative transmembrane domain with multiple cytoplasmic and extracellular CKII phosphosites. Exogenous human CKII was able to phosphorylate serine residues on both recombinant Tc-1 and Tc-1 of intact trypomastigotes. This phosphorylation was inhibited by the CKII inhibitors heparin and 4,5,6,7,-tetrabromo-2-azabenzimidazole. Immunoblots of solubilized trypomastigotes, epimastigotes, and amastigotes probed with anti-recombinant Tc-1 immunoglobulin G revealed a 62-kDa protein that is expressed only in infective trypomastigotes. Immunoprecipitation of labeled surface proteins of trypomastigotes indicated that the 62-kDa protein is a surface protein, and we found that the protein is uniformly distributed on the surface of trypomastigotes by direct immunofluorescence. Antibodies to Tc-1 effectively blocked trypomastigote invasion of host cells and consequently reduced parasite load. Preincubation of either trypomastigotes or myoblasts with CKII inhibitors blocked T. cruzi infection. Thus, for the first time, we describe a cell surface CKII substrate of a protozoan parasite that is phosphorylated by human CKII and that is involved in cellular infection.
Trypanosoma cruzi, the protozoan parasite that causes Chagas' disease, is an obligate intracellular parasite that must attach to several cell types in the body in order to gain entry and establish infection. The disease causes significant morbidity and mortality in the Americas, yet it remains incurable. Chagas' disease is now viewed as an emerging illness associated with human immunodeficiency virus type 1 infection, where it induces dramatic brain pathology and early death (20) . A better understanding of the molecular mechanisms of host cell invasion by T. cruzi is critically important not only for the understanding of the pathogenesis of infection but also for the development of novel means for molecular intervention.
A number of T. cruzi surface glycosylphosphatidylinositol membrane-anchored molecules, including mucins, trans-sialidases, and trans-sialidase-like molecules (8, 17, (29) (30) (31) , as well as host factors (9, 12, 14, 16, 19, 22, 28) have been implicated in the initial process of infection. This suggests that it is a complex process that requires intense investigation. It has been shown that during the early process of cellular infection by T. cruzi, the parasite activates some host signal transduction molecules and pathways (3) including Ca 2ϩ (4) , transforming growth factor ␤ (10), cyclic AMP (cAMP) (4), phosphatidylinositol 3-kinase (24, 32) , mitogen-activated protein kinase (29) , and protein kinase C (PKC) (30) to gain entry.
Here, we explored the parasite's ability to utilize host cell casein kinase II (CKII) during the initial stages of infection. CKII is a ubiquitous, pleiotropic, and constitutively active protein kinase, and CKII substrates play critical roles in essential cellular functions such as protein synthesis, metabolic activity, signaling, and viral infection (15) . In the latter case, the constitutive activity of CKII may be the reason viruses have exploited CKII as a phosphorylating agent of proteins essential to their life cycle (12, 18) .
In this study, we have cloned and characterized a novel cell surface protein of T. cruzi that is expressed only in invasive trypomastigotes, is phosphorylated by host cell CKII, and is involved in the early process of cellular infection.
MATERIALS AND METHODS
Parasite cultures. The highly infective trypomastigote clone MMC 20A, derived from the Tulahuen strain of T. cruzi (13) , was used. Pure-culture trypomastigotes were obtained from the supernatant of heart myoblast monolayers as described previously (13) . Epimastigotes were produced as previously described (25) . Amastigotes were produced as described previously (26) .
Infection assays. To investigate the ability of purified anti-Tc-1 immunoglobulin G (IgG) to block the infection process, trypomastigotes were preincubated with increasing concentrations (0.03 to 1.0 g/ml) of purified anti-Tc-1 IgG or with purified preimmune IgG for 1 h at 4°C. The parasites were then incubated with monolayers of rat heart myoblasts for 2 h as described previously (13) . To investigate the effect of CKII inhibitors on infection, trypomastigotes (4 ϫ 10 7 parasites/ml) were preincubated with different concentrations of CKII inhibitors (2.5 to 80 M) or mock treated for 30 min and then exposed to untreated myoblasts. Myoblasts were also preincubated with the same concentrations of CKII inhibitors or mock treated as described above for 30 min and then incubated with untreated trypomastigotes. The CKII inhibitors used were 4,5,6,7,-tetrabromo-2-azabenzimidazole (TBB), 2-dimethylamino-4,5,6,7-tetrabromo-1 H-benzimidazole (DMAT), and 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB) from EMD Biosciences (La Jolla, CA). Stocks of CKII inhibitors were dissolved in dimethyl sulfoxide and then diluted in Dulbecco's modified Eagle's medium (DMEM) to the appropriate concentrations for the assays. The concentrations of CKII inhibitors used were not toxic for either myoblasts or parasites and did not affect their motility. Unbound parasites were removed, and trypomastigote binding to rat heart myoblasts was evaluated at 2 h by fluorescence microscopy using fluorescein isothiocyanate (FITC)-labeled antibodies specific for a trypomastigote surface protein and DAPI (4Ј,6Ј-diamidino-2-phenylindole) (11) . The number of bound FITC-fluorescent parasites per 200 cells was determined. Parasite entry was evaluated at the same 2-h time point. The number of bound FITC-fluorescent parasites was obtained by subtracting the number of internalized parasites from the total number of DAPI-stained kinetoplast DNA parasites per 200 host cells. Parasite multiplication within cells was FIG. 1. Alignment of the deduced amino acid sequences of the Tc-1 gene (GenBank accession no. AY167028) with those of two genes coding for two hypothetical proteins (GenBank accession no. EAN95234 and EAN90929), which were reported as a result of the completion of the T. cruzi genome project (4, 5) . BLASTp analysis revealed that Tc-1 had 99% and 95% identity to two hypothetical proteins of T. cruzi. Identical amino acid residues are indicated with an asterisk ‫.)ء(‬ VOL. 74, 2006 T
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evaluated at 72 h using standardized procedures (13) . Infection assays were done in triplicate, and experiments were repeated three times. The percent inhibition of trypanosome binding and entry was also determined. Genomic Tc-1 clone. A T. cruzi ZAPII genomic expression library was screened with monoclonal antibody 4A4 against the surface of T. cruzi trypomastigotes that blocked trypomastigote binding to mammalian cells (27) . One of the three clones selected, designated the Tc-1 clone, was investigated in the present study.
RACE. Trypomastigotes were solubilized in TRIzol (Invitrogen, Grand Island, NY), and total RNA was purified according to the manufacturer's instructions. The integrity of RNA was determined with a Bioanalyzer (Agilent Technologies, Palo Alto, CA). We used a 3Ј and 5Ј rapid amplification of cDNA ends (RACE) kit (Invitrogen) to amplify the cDNA ends of the Tc-1 gene. For the 3Ј RACE, the gene-specific primers GSP1 (5Ј-TCCATTGACTCCATTGCG-3Ј) and GSP2 (5Ј-GTTTTGACTCAGAAGTGACCTC-3Ј) were used. For 5Ј RACE, the primers used were GSP1 (5Ј-CTGATTTGGCAATAAGGGC-3Ј) and GSP2 (5Ј-CT CCTCTTGTCGTGGTAATG-3Ј). The specific amplicons obtained were cloned into the TOPO-TA cloning vector (Invitrogen), sequenced, and aligned with the original sequences.
Cloning and expression of Tc-1. To clone Tc-1 in an expression vector, a forward primer, 5Ј-ATGGCGCGAAAACGCCGAACCGT-3Ј, and a reverse primer, 5Ј-TACACGTTACCGGGCCCCCCCTCGT-3Ј, were used to PCR amplify the entire open reading frame of Tc-1 using the following conditions: an initial denaturation step at 95°C for 4 min and 35 cycles at 94°C for 30 s, 56°C for 1 min, and 72°C for 2 min followed by 72°C for 10 min. The amplicons were cloned into the pCRT7/NT-TOPO vector (Invitrogen), and the sequence was verified. The plasmid was used to transform BL21-AI cells (Invitrogen) according to the manufacturer's instructions. The transformed Escherichia coli was induced with L-arabinose at a final concentration of 0.2%. The expressed recombinant protein was purified over a Ni-nitrilotriacetic acid affinity matrix (QIAGEN, Valencia, CA) according to the manufacturer's instructions. The purified protein was analyzed by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Southern and Northern blots. For Southern blots, T. cruzi genomic DNA (5 g) was digested with EcoRI, BamHI, HindIII, and XhoI; separated on a 1.2% agarose gel; transferred onto nylon membranes; and probed with 32 P-labeled Tc-1 using high-stringency conditions. Labeled Tc-1 probe was made by random primer extension (21) . For Northern blots of trypomastigotes and epimastigotes, total RNA (20 g) was separated on formaldehyde agarose gels, blotted onto nylon membranes, and probed with 32 P-labeled Tc-1 according to the NorthernMax Ultrahyb kit protocol (Ambion, Austin, TX).
Antibodies. IgG monospecific to Tc-1 was produced by immunizing goats with highly purified recombinant Tc-1 as a histidine-tagged protein mixed with Freund's adjuvant. Tc-1 IgG or preimmune IgG was chromatographically purified. IgG monospecific to Tc-1 was purified by adsorption and desorption on immobilized purified recombinant Tc-1.
Immunoblotting. Trypomastigotes, epimastigotes, and amastigotes (2 ϫ 10 7 ) were solubilized in 0.1% CHAPS {3-[(3-cholamidylpropyl)-dimethylammonio]-1-propanesulfonate} containing protease inhibitors (GE Healthcare, Piscataway, NJ), and the same protein concentrations were loaded onto a 12% SDS-PAGE gel, transferred onto nitrocellulose membranes, probed with goat anti-Tc-1 IgG, and developed with peroxidase-conjugated mouse anti-goat IgG by ECL (GE Healthcare, Piscataway, NJ) as described previously (2) . Blots were stripped and reprobed with monoclonal IgG specific for ␤-actin.
Immunoprecipitation. Surface proteins of trypomastigotes, epimastigotes, and amastigotes were labeled with biotin as described previously (13) . The same concentration of parasites was solubilized in Tris-buffered saline (pH 8.0) containing 1% Triton X-100, 1% bovine serum albumin, 1 mM iodoacetamide, 1 mM phenylmethylsulfonyl fluoride, and 0.02% NaN 3 and preabsorbed with protein G (Pierce, Rockford, IL). The same protein concentration of each preabsorbed solubilized T. cruzi stage was incubated with the same concentration of IgG specific for Tc-1 or preimmune IgG and protein G as described previously (11) . The same volume of immunoprecipitates was separated by SDS-PAGE, blotted onto nitrocellulose membranes, and probed with IgG specific for Tc-1. Blots were incubated with avidin-horseradish peroxidase and developed by ECL (GE Healthcare) as described previously (2) .
Immunofluorescence. Monospecific IgG against Tc-1 or preimmune IgG was labeled with FITC (11) for studies of binding of trypomastigotes to host cells as described previously (11) . Briefly, trypomastigotes (1 ϫ 10 6 ) fixed with 1% paraformaldehyde were incubated with FITC-labeled IgG specific for Tc-1 (1 g/ml in phosphate-buffered saline) in the presence or absence of a 100ϫ excess of unlabeled IgG specific for Tc-1 in phosphate-buffered saline supplemented with 0.1% bovine serum albumin for 1 h at 37°C. Paraformaldehyde-fixed trypomastigotes were also incubated with FITC-labeled preimmune IgG under the same conditions, and the fluorescence was visualized with a Nikon fluorescence microscope.
Phosphorylation fonic acid], pH 7.2, 25 mM ␤-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol) supplemented with magnesium-ATP cocktail and PKA inhibitor cocktail (Upstate Cell Signaling Solutions, Charlottesville, VA). Recombinant Tc-1 (40 g) or intact trypomastigotes (7 ϫ 10 7 ) previously starved in DMEM for 2 h were incubated with 20 ng of human CKII (Upstate Cell Signaling Solutions) without CKII or with 20 ng CKII in the presence of the CKII inhibitor heparin or TBB in supplemented phosphorylation buffer for 10 min at 30°C. For immunoblots, the same protein concentration of samples containing Tc-1 was separated by 12% SDS-PAGE, blotted onto nitrocellulose membranes, blocked with 2% gelatin, and probed with rabbit anti-phosphoserine antibody (Chemicon, Temecula, CA). The blots were incubated with mouse anti-rabbit IgG-biotin followed with Streptavidin-horseradish peroxidase and developed by ECL (GE Healthcare). The membranes were stripped and reprobed with anti-Tc-1 IgG and developed by ECL. For immunoprecipitations, the same protein concentration of solubilized CKII-treated trypanosomes, under conditions indicated above, was immunoprecipitated with anti-Tc-1 IgG using protein G. The same aliquots of immunoprecipitates were separated by SDS-PAGE, blotted onto nitrocellulose, probed with anti-phosphoserine antibodies, and developed by ECL.
Presentation of results and statistical analysis. The results shown in this work were from triplicate determinations and represent three independent experiments performed by identical methods. The results are expressed as the mean Ϯ 1 standard deviation. Differences were considered to be statistically significant if the P value was Ͻ0.05 by the Student's t test.
Nucleotide sequence accession number. The complete coding sequence of the Tc-1 gene described in this paper was deposited in the GenBank database under accession no. AY167028 on 21 October 2002.
RESULTS
Molecular characterization of Tc-1. Sequencing analysis of the Tc-1 gene revealed a 1,653-bp coding sequence and its corresponding 550-amino-acid (aa) sequence. The protein has a predicted molecular mass of about 62 kDa and a pI of 6.1. Figure 1 shows that Tc-1 has 99% identity (540/544) with a T. cruzi hypothetical protein (GenBank accession no. EAN95234) (5) and 95% identity (521/544) with another T. cruzi hypothetical protein (GenBank accession no. EAN90929) (6) from the recently completed T. cruzi genome project (5, 6) . It is important to mention that our laboratory had initially identified the Tc-1 gene and deposited its coding sequence in GenBank prior to the reporting of the results of the T. cruzi genome project.
A genomic BLASTn search indicated that Tc-1 is a novel gene. A comprehensive search of the completed T. cruzi genome verified that the gene is indeed present in the parasite genome. Toppred protein analysis predicted that Tc-1 is a single-pass transmembrane protein with aa 1 to 343 lying in the extracellular region, aa 344 to 364 being a predicted transmembrane region with a hydrophobicity value of 0.889 (1 being the upper cutoff), and aa 365 to 550 lying in the cytoplasm (Fig.  2A) . The Toppred protein analysis used the Goldman, Engelman, and Steitz hydrophobicity scale, a window size of 21, a lower cutoff value of 0.6, and an upper cutoff value of 1.0 (7). Prosite proteomics software analysis using the CKII phosphorylation site motif S-X-X-E/D (X indicates any amino acid) predicted the presence of 14 phosphorylation sites in the protein, 8 extracellular and 6 intracellular, along with other phosphorylation sites as shown in the model (Fig.   FIG. 3 . Tc-1 is a single-copy gene that is expressed in invasive trypomastigotes but not in noninvasive epimastigotes. (A). Southern blot analysis of T. cruzi indicates that Tc-1 is a single-copy gene. 
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). Southern blot analysis indicates that Tc-1 is present in the parasite genome as a single-copy gene (Fig. 3A) , whereas analysis by Northern blot showed a 4.5-kb transcript expressed in invasive trypomastigotes but not in noninvasive epimastigotes (Fig. 3B) . Cloning of Tc-1 into the pCRT7/NT-TOPO vector allowed the proper expression of the recombinant Tc-1 gene product in E. coli. The expressed recombinant His 6 -tagged protein was purified on a Ni-nitrilotriacetic acid affinity matrix and analyzed on a 12.5% SDS-PAGE gel stained with Coomassie blue. This showed a purified recombinant 62-kDa protein.
Tc-1 is expressed as a surface protein in invasive trypomastigotes but not in noninvasive epimastigotes or amastigotes.
Immunoblots of trypomastigotes, epimastigotes, and amastigotes probed with IgG specific for Tc-1 indicated that Tc-1 is a 62-kDa protein present only in invasive trypomastigotes (Fig.  4A) . Thus, Tc-1 is developmentally regulated in the cell cycle of T. cruzi. Immunoprecipitation of biotin-labeled surface proteins of trypomastigotes, epimastigotes, and amastigotes with IgG specific for Tc-1 confirms that Tc-1 is expressed only in trypomastigotes and that it is a surface protein (Fig. 4B) . Immunofluorescence studies were performed to pinpoint the surface distribution of Tc-1 on trypomastigotes. FITC-labeled IgG specific for Tc-1 binds to the surface of trypomastigotes in a uniform manner (Fig. 5A) . The binding is specific, since a 100ϫ excess of unlabeled IgG specific for Tc-1 completely inhibited the binding of FITC-labeled IgG specific for Tc-1 (Fig. 5B) . FITC-labeled preimmune IgG did not bind to trypomastigotes (Fig. 5C) . The immunofluorescence studies also confirmed the immunoprecipitation studies that showed that Tc-1 is a surface protein.
Human CKII phosphorylates Tc-1. Incubation of purified recombinant Tc-1 with highly purified human CKII, analysis of the products by SDS-PAGE followed by blotting onto nitrocellulose membranes, and probing with anti-phosphoserine antibodies showed that the recombinant Tc-1 was phosphorylated on serine residues as shown in Fig. 6A . This reaction was blocked in the presence of heparin, a CKII inhibitor, and was not seen when the kinase was replaced with reaction buffer. These results indicate that that exogenous human CKII phosphorylates Tc-1 on serine residues. Exogenous CKII phosphorylates Tc-1 on serine residues of intact trypomastigotes, and TBB, a casein kinase inhibitor, inhibited this phosphorylation (Fig. 6B) .
Anti-Tc-1 IgG and CKII inhibitors block parasite infection of host cells. Preincubation of invasive trypomastigotes with increasing concentrations of IgG specific for Tc-1 significantly inhibited the binding of trypomastigotes to rat heart myoblasts in a concentration-dependent and saturable manner (Fig. 7A) . Preincubation of trypomastigotes with preimmune IgG did not affect parasite binding to cells at all concentrations tested. The minimal concentration of Tc-1 IgG that caused inhibition was 0.06 g/ml, whereas the maximal concentration of Tc-1 IgG that caused maximal inhibition (75%) was 0.5 g/ml. The fact on October 23, 2017 by guest http://iai.asm.org/ that fewer trypanosomes were bound to cells at 2 h when they were preincubated with Tc-1 IgG (Fig. 7A ) resulted in a smaller number of parasites entering and multiplying within these cells at 72 h with respect to trypanosomes that were preincubated with preimmune IgG. Analysis of parasite multiplication at 72 h indicated that heart myoblasts that were exposed to parasites preincubated with preimmune IgG showed a higher number of parasites per cell, whereas heart myoblasts exposed to trypanosomes that were preincubated with IgG to Tc-1 had a significantly lower number of parasites per cell (Fig. 7B) . The inhibitory effect of Tc-1 IgG on T. cruzi infection of heart myoblasts requires very low concentrations of Ig and is concentration dependent and saturable. Pretreatment of trypomastigotes with the CKII inhibitors TBB, DMAT, and DRB significantly inhibited trypomastigote binding to myoblasts at 2 h in a concentration-dependent and saturable manner (Fig. 7C, left panel) and consequently caused an inhibition of parasite multiplication at 72 h (Fig.  7C, right panel) . Pretreatment of myoblasts with TBB, DMAT, and DRB also inhibited trypomastigote binding to myoblasts at 72 h (Fig. 7D, left panel) and parasite multiplication at 72 h with respect to mock-treated myoblasts (Fig. 7D, right panel) .
DISCUSSION
In this study, we describe, for the first time, a cell surface CKII substrate of invasive trypomastigote forms of T. cruzi that is capable of being phosphorylated by human CKII and is involved in cellular infection.
Viruses have exploited the uniqueness of the host's CKII constitutive activity by using CKII to phosphorylate proteins involved in viral infection (18) . Here, we show that a CKII substrate on the surface of the intracellular protozoan T. cruzi plays an important role in the infection process. This is supported by the fact that human CKII strongly phosphorylates the cell surface Tc-1 protein of trypomastigotes and by the fact that antibodies raised against Tc-1 strongly inhibit T. cruzi infection of host cells in a concentration-dependent and saturable manner by up to 75%. The residual T. cruzi infection seen indicates that the parasite can infect cells through other mechanisms that are Tc-1 independent. Furthermore, the fact that pretreatment of trypomastigotes with CKII inhibitors reduces the infection process suggests that T. cruzi may depend on its CKII to infect cells. In addition, our findings showing that pretreatment of myoblasts with CKII inhibitors inhibited infection also suggest that the host enzyme is playing a role in the infection process.
CKII's enzymatic activity is always turned on, and its substrates are involved in very essential cell functions including viral infection and cell survival. Basically, cells cannot survive without CKII activity, and substrates for the enzyme fall into many critical functional categories including cell cycle regulation, protein synthesis, metabolic activity, signaling, DNA/ RNA synthesis, and viral infection (15) . It has also been reported that the slender form of Trypanosoma brucei has a higher CKII activity than the stumpy form, but its biological role remains unclear (1) . The fact that Tc-1 presents two cAMP and three PKC phosphorylation sites, which may involve Ca 2ϩ mobilization, would correlate with the fact that T. cruzi entry into cells triggers the elevation of the intracellular concentration of free Ca 2ϩ in host cells (23) . Multiple acidic residues located downstream from the phosphorylatable amino acids, with serine being preferred over threonine, specify CKII phosphorylation. The acidic residue at the ϩ3 position has the most crucial function (15) . The CKII sites found on Tc-1 fulfill the minimum consensus sequence S-x-x-E/D. Putative CKII targets have multiple phosphorylation sites, and this is also the case with Tc-1, which has multiple sites for PKC, cAMP, and tyrosine phosphorylation in close proximity to the CKII phosphosites.
Tc-1 appears to be the first described transmembrane surface protein of T. cruzi involved in T. cruzi-host cell interactions that leads to infection, since other molecules that are apparently implicated in the infection process are glycosylphosphatidylinositol membrane-anchored molecules, which are released from the trypanosome by action of the trypanosome phospholipase C. The fact that Tc-1 is expressed only in invasive trypomastigotes but not in noninvasive epimastigotes or amastigotes indicates that the Tc-1 gene is developmentally FIG. 6 . Human exogenous CKII phosphorylates recombinant Tc-1 or Tc-1 of intact T. cruzi trypomastigotes on serine residues, and the phosphorylation is inhibited by the CKII inhibitor heparin or TBB. (A) Phosphorylation of recombinant Tc-1 (r-Tc-1) by exogenous CKII. Recombinant Tc-1 (40 g) was incubated with 20 ng of human CKII, with phosphorylation buffer in place of CKII, or with 20 ng CKII in the presence of heparin, a CKII inhibitor, for 10 min at 30°C. The same amount of each sample was separated by SDS-PAGE, blotted onto nitrocellulose membranes, probed with anti-phosphoserine antibodies (Anti-P-serine abs), and developed by ECL as described in Materials and Methods. Lane 1 shows the phosphorylation of serine residues on Tc-1 by CKII. Lane 2 (control) shows that Tc-1 is not phosphorylated in the presence of reaction buffer alone. Lane 3 shows that heparin inhibits the phosphorylation of Tc-1 by CKII. This is a representative experiment of three experiments performed with similar results. (B) Trypomastigotes (7 ϫ 10 7 ) were starved in DMEM and incubated with 20 ng of human CKII, with phosphorylation buffer in place of CKII, or with 20 ng CKII in the presence of TBB, a CKII inhibitor, for 10 min at 30°C. The same protein concentration of solubilized samples was immunoprecipitated (IP) with anti-Tc-1 IgG, separated by SDS-PAGE, blotted onto nitrocellulose membranes, probed with antiphosphoserine antibodies, and developed by ECL. Lane 1 (control) shows endogenous phosphorylation of serine residues on Tc-1 of trypomastigotes in the absence of exogenous CKII. Lane 2 shows the phosphorylation of serine residues on Tc-1 of intact T. cruzi by exogenous CKII. Lane 3 shows that TBB inhibits the phosphorylation of Tc-1 on intact T. cruzi by exogenous CKII. This is a representative experiment of three experiments performed with similar results. WB, Western blot.
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T. CRUZI CKII SUBSTRATE MEDIATES CELLULAR INFECTION 3927 regulated in the cell cycle of parasites. Furthermore, the fact that T. cruzi infection is inhibited when Tc-1 is blocked by specific antibodies suggests that the Tc-1 gene may be an invasive gene in the parasite that regulates the pathogenesis of T. cruzi infection. In view of the predicted structure of Tc-1, we speculate that T. cruzi exploits the host CKII to phosphorylate the extracellular domain of Tc-1, which may be important for cellular invasion. The CKII sites in the cytoplasmic region of Tc-1 would be phosphorylated by the parasite's own CKII, which in turn might activate a series of signal cascades that may be important for parasite invasion or parasite biology.
Since there are no homologs of Tc-1 in humans, this gene and its encoded protein could be excellent targets for molecular intervention in Chagas' disease and might lead to the development of novel drugs for chemotherapy. Furthermore, the fact that Tc-1 is highly immunogenic, as evidenced by the high antibody titer (1:50,000) produced in experimental immunizations of goats for the characterization of Tc-1 in this study, and the fact that antibodies raised against Tc-1 neutralize T. cruzi infection of mammalian cells suggest that Tc-1 could also be a candidate for vaccine development. FIG. 7 . Tc-1 IgG and CKII inhibitors prevent the binding of trypomastigotes to heart myoblasts at 2 h, causing a significant reduction in the parasite load at 72 h. (A) Tc-1 IgG inhibits trypomastigote binding to heart myoblasts in a concentration-dependent and saturable manner, whereas preimmune IgG has no effect. Trypomastigotes were preincubated with increasing concentrations of either Tc-1 IgG or preimmune IgG and then exposed to heart myoblast monolayers at a ratio of 5 parasites per cell for 2 h, and trypanosome binding was evaluated as described in Materials and Methods. (B) Reduction of trypanosome binding caused by Tc-1 IgG reduced parasite multiplication in heart myoblasts. Trypomastigotes were preincubated with either Tc-1 IgG or preimmune IgG and then exposed to myoblast monolayers for 2 h as described in panel A. After unbound trypanosomes were removed, the cell monolayers received fresh complete medium and were postincubated for 72 h, where T. cruzi multiplication was evaluated. 
